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Seagrass meadows store significant carbon stocks at a global scale, but land-use change and other anthropogenic
activities can alter the natural process of organic carbon (Corg) accumulation. Here, we assessed the carbon
accumulation history of two seagrass meadows in Zanzibar (Tanzania) that have experienced different degrees of
disturbance. The meadow at Stone Town has been highly exposed to urban development during the 20th century,
while the Mbweni meadow is located in an area with relatively low impacts but historical clearing of adjacent
mangroves. The results showed that the two sites had similar sedimentary Corg accumulation rates (22–25 g m− 2
yr− 1) since the 1940s, while during the last two decades (~1998 until 2018) they exhibited 24–30% higher
accumulation of Corg, which was linked to shifts in Corg sources. The increase in the δ13C isotopic signature of
sedimentary Corg (towards a higher seagrass contribution) at the Stone Town site since 1998 points to improved
seagrass meadow conditions and Corg accumulation capacity of the meadow after the relocation of a major
sewage outlet in the mid–1990s. In contrast, the decrease in the δ13C signatures of sedimentary Corg in the
Mbweni meadow since the early 2010s was likely linked to increased Corg run-off of mangrove/terrestrial ma
terial following mangrove deforestation. This study exemplifies two different pathways by which land-based
human activities can alter the carbon storage capacity of seagrass meadows (i.e. sewage waste management
and mangrove deforestation) and showcases opportunities for management of vegetated coastal Corg sinks.

1. Introduction
Seagrass meadows can store significant carbon stocks for decades to
millennia (Mateo et al., 1997; Smith, 1981), and play an important role
in the coastal carbon cycle and as long-term sink of atmospheric CO2
(Duarte et al., 2013). The capacity of seagrass meadows and other
coastal vegetated habitats to sequester carbon has been termed blue
carbon (Nellemann et al., 2009), and it is influenced by several biotic

and abiotic factors, including health status, the geochemical properties
of the underlying sediment, prevailing environmental conditions,
landscape configuration and anthropogenic activities in the coastal zone
(Serrano et al., 2016a; Gullström et al., 2018; Mazarrasa et al., 2017a,
2018; Young et al., 2021). Seagrass sedimentary organic carbon (Corg)
stocks are derived from both allochthonous and autochthonous organic
matter sources, as seagrass canopies trap detritus from surrounding
habitats and embed locally produced organic matter in the sediment
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(Kennedy et al., 2010). The efficiency of the carbon sink is therefore
highly dependent on inter-habitat linkages within the surrounding
landscape that regulate carbon fluxes (Gullström et al., 2018; Ricart
et al., 2017) and maintain a healthy ecosystem state (Rozaimi et al.,
2017). Urban development and land-use change are, however, altering
many vital processes of the coastal environment (Asplund et al., 2021;
Serrano et al., 2016a). Anthropogenic activities are posing a severe
threat to shallow vegetated coastal habitats, which may lead to deteri
orating health status and habitat decline (Dunic et al., 2021; Waycott
et al., 2009), and associated loss of ecosystem services, including
long-term carbon storage (Macreadie et al., 2012).
The tropical coastal zone is experiencing a continuous population
growth and exposure to human-induced impacts (Creel, 2003; Sale et al.,
2014). Many of the tropical blue carbon ecosystems have therefore
declined and it has been estimated that 20–35% of the world’s man
groves (Polidoro et al., 2010) and 16–32% of the tropical seagrass
meadows have been lost (Dunic et al., 2021), mainly due to land-use
change (e.g. conversion of land into agriculture, aquaculture or urban
development) (Friess et al., 2019; Goldberg et al., 2020) and deterio
rating water quality following increased particle loads (Waycott et al.,
2009). The anthropogenic transformation of the coastal zone during the
last century has resulted in a decline in seagrass carbon sequestration
capacity (Fan et al., 2020; Leiva-Dueñas et al., 2020) and weakening of
the carbon sink function (Macreadie et al., 2012). However, land con
version resulting in enhanced sedimentation (e.g. through urban
development or deforestation) can sometimes enhance the seagrass
carbon accumulation rate (CAR) due to increased loading of terrigenous
material to seagrass meadows (Cuellar-Martinez et al., 2020;
López-Mendoza et al., 2020; Serrano et al., 2020). In particular,
mangrove deforestation could enhance the outwelling of Corg from
mangrove forests and its lateral transfer to adjacent seagrass meadows
(Hemminga et al., 1994; Chen et al., 2017; Asplund et al., 2021; Santos
et al., 2021), and thereby potentially shift the carbon storage from one
blue carbon habitat to another within an interlinked coastal seascape
(Gillis et al., 2017; Huxham et al., 2018). Following urbanization,
man-made pollution is inevitable, including nutrient leakage, metal
contamination and sewage outflow, which can result in turbidity,
overgrowth by filamentous algae and exposure to organic and inorganic
toxicants (Orth et al., 2006; Unsworth et al., 2018). These impacts can
degrade seagrass meadows, reduce seagrass primary production
(Deyanova et al., 2017), alter the geochemistry of the sediment (for
instance through increased toxic sulfide production) (Lyimo et al.,
2018), and affect benthic faunal (Nascimento et al., 2019) and microbial
communities (Macreadie et al., 2015), which eventually could impact
the carbon sink function (Dahl et al., 2016a; Liu et al., 2020; Piñeir
o-Juncal et al., 2021; Schorn et al., 2022). Therefore, assessing the ef
fects of urban development and land-use change is needed to evaluate
long-term anthropogenic impacts on coastal ecosystem services, and
for understanding the consequences of land-based human activities for
blue carbon storage.
In Zanzibar (Tanzania), seagrass meadows are declining mainly due
to aquaculture and coastal development activities (Gullström et al.,
2002; Hedberg et al., 2018). The extent of seagrass habitat loss
throughout Zanzibar is, however, not well known, although substantial
decline has been reported locally (e.g. ~12% in Chwaka Bay from 1985
to 2003) (Gullström et al., 2006) with likely negative consequences for
the seagrass carbon storage (Salinas et al., 2020). In this study, we aimed
to reconstruct the carbon storage dynamics since the 1940s in Zanzibar,
which comprises the period when the most rapid urbanization took
place. We selected two seagrass meadows near the main town of Zan
zibar with different urbanization histories; one outside Stone Town and
one at the Mbweni coast, with the specific aims to assess the influence of
(1) urbanization, and (2) land-use change (i.e. mangrove deforestation)
on Corg fluxes from autochthonous and allochthonous sources to the
sedimentary carbon pool in seagrass meadows, and (3) by comparing the
Corg stocks of seagrass and unvegetated sediments. We hypothesized that

urbanization and mangrove deforestation will (i) affect the sedimentary
Corg composition by increasing the terrestrial/mangrove Corg sources,
and (ii) enhance the CAR in the seagrass meadows.
2. Methods
2.1. Study area
The sampling for this study was conducted on Unguja Island (Zan
zibar, Tanzania) (6◦ 9′ 50.18′′ S, 39◦ 11′ 52.55′′ E; Fig. 1A) in October
2018. The sampling was performed on the west coast of the island, in
two seagrass meadows dominated by Thalassia hemprichii located at
Stone Town and Mbweni, and in one unvegetated site offshore Stone
Town (Fig. 1B). The main town of the island is Zanzibar Town, in which
Stone Town is the oldest part, built in the 1840s (Hoyle, 2011). Since
then, Zanzibar Town has experienced several major development
events, including land reclamation of the northwestern shore of Stone
Town and the establishment of the current port area in 1929 (Hoyle,
2011; Wright and White, 2013) (Fig. 1C). After the independence of
Zanzibar in 1963, a major expansion of Zanzibar Town took place to
accommodate the growing population (Hoyle, 2002). Between the
1970s and up until today, the urban development has been substantial,
both inland and along the coast (Fig. 2). From 1994 to 1998, the sewage
outlet grid was reconstructed as part of the Zanzibar Sanitation and
Drainage Program (World Bank, 2011). Most significantly, a major
sewage outlet was removed from the northern shore of Stone Town and
relocated several km offshore (Fig. 1C). Although the airport of Zanzibar
(Abeid Amani Karume International Airport), completed in 1974, is
located in the area of Mbweni, this area has seen a more rapid urban
development during the last 20 years in comparison to Zanzibar Town
(Fig. 2), mainly due to the urban sprawl of Zanzibar Town, which now
encompasses also the area of Mbweni in the south (Fig. 1B).
2.2. Sediment sampling
In the three sites, one sediment core was collected in the upper
subtidal zone by pressing down a 1.5 m PVC-corer (with an internal
diameter of 6.5 cm). The sampling was conducted in locations with
relatively low exposure to hydrodynamic forces and within continuous
seagrass meadows to provide for chronostratigraphic coherency of the
sediment column (Serrano et al., 2020). Prior to core extraction, sedi
ment compaction was assessed by measuring the inner and outer lengths
of the core while submerged in the sediment (Howard et al., 2014).
Sediment compaction was small, ranging from 0% in the unvegetated
site to 4 and 5% in the vegetated sites. A linear correction factor for
compaction was calculated and applied to the vegetated sediment cores.
2.3. Sediment dating
Each core was sliced at 0.5 cm-thick intervals over the first 20 cm,
followed by 1–2 cm-thick slices below this depth. The sliced sediment
sections were dried at 60 ◦ C until constant weight to estimate the dry
bulk density (g DW cm− 3). Sediment age determination since the 1940s
was performed by measuring 210Pb specific activities in the cores
(Fig. S1). Sediment 210Pb concentrations were obtained by analyzing
210
Po through alpha spectrometry following the procedure described in
Sanchez-Cabeza et al. (1998). Besides 210Pb concentrations, 226Ra was
analyzed in 5 selected slices along the sediment profiles by gamma
spectrometry through the emission lines of its decay product 214Pb. The
excess 210Pb concentration profiles used to obtain the age models were
calculated as the difference between total 210Pb and the average con
centration of 226Ra in each core. Mean mass and sediment accumulation
rates (MAR and SAR, respectively) for the sediment cores were calcu
lated using the Constant Flux:Constant Sedimentation (CF:CS) model
below the surface mixed layers (Fig. S1) (Krishnaswami et al., 1971;
Arias-Ortiz et al., 2018).
2
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Fig. 1. Map of the study area showing (A) an overview of Unguja Island (Zanzibar), (B) a satellite image of the sampling locations in Stone Town and Mbweni, and
(C) a satellite image of the Stone Town sampling sites and the location of the previous sewage outlet.

2.4. Sedimentary carbon and nitrogen content and stable isotope analysis

were in most slices below the detection limit of the mass spectrometer
(<14 μg) for reliable bulk nitrogen isotope values (δ15N) and are
therefore not included. Similarly, the TN content of the unvegetated
sediment was also excluded for this reason (below the threshold limit of
5 μg). Samples of seagrass (for measures of above- and belowground
biomass after removal of epiphytes), terrestrial and mangrove plant
material (n = 3 for each habitat) were collected adjacent to the seagrass
meadows and unvegetated site and analyzed for δ13C to determine Corg
source endmembers. The biomass samples were dried at 60 ◦ C until
constant weight, ground into a fine powder and analyzed in the same
way as the sediment but without any HCl treatment.

The dried sediment was ground to a fine powder using a mixing mill
(Retch 400). To measure Corg content and the bulk stable isotopic signal
(δ13C), one subsample of the sediment was treated with 1M hydrochloric
acid (HCl) (direct addition) to remove the inorganic carbon fraction and
determine Corg while one subsample was left untreated in order to
measure total carbon (TC) and total nitrogen (TN), and the difference
between Corg and the TC fraction determined the Cinorg (see details in
Dahl et al., 2016b). All slices and subsamples were analyzed at the Mass
Spectrometry Laboratory, Center for Physical Sciences and Technology,
Vilnius, Lithuania. Stable carbon and nitrogen isotopes values were
measured simultaneously using a Flash EA 1112 Series Elemental
Analyzer connected via a Conflo III to a DeltaV Advantage Isotope Ratio
Mass Spectrometer (Thermo Finnigan, Bremen, Germany). The isotope
ratios are expressed in the delta notation relative to the VPDB (Vienna
PeeDee Belemnite) for δ13C and to atmospheric nitrogen for δ15N.
Caffeine IAEA-600 (δ13C = − 27.77 ± 0.04‰, δ15N = 1.00 ± 0.20‰),
Potassium Nitrate IAEA-NO-3 (δ15N = 4.7 ± 0.2‰), and Graphite
USGS24 (δ13C = − 16.05 ± 0.04‰) provided by the International
Atomic Energy Agency (IAEA) were used as reference materials. These
standards were run every 12 samples. Repeated analysis of these refer
ence materials gave a standard deviation of less than 0.08‰ for carbon
and 0.2‰ for nitrogen. The nitrogen concentrations in the sediment

2.5. Satellite imagery analysis
To estimate the urban areal expansion of Zanzibar Town from 1975
to 2016 (Fig. 2), Landsat (with the first satellite launched in 1972) im
ageries were accessed and downloaded from United States Geology
Service (USGS) (https://earthexplorer.usgs.gov/). The Landsat imag
eries from the 1970s are in 60 m resolution, while in the imageries from
the 1980s and onwards, the resolution increased to 30 m. The selection
of images for analysis was based on satellite image quality, including the
issue of cloud cover and the possibility to distinguish urban-related
features. The classification of urban land cover was performed in Arc
MAP v. 10.7 (ESRI, Redland) using supervised maximum likelihood
3
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Fig. 2. The areal extent and urban sprawl of Zanzibar Town (1973–2016) presented upon Landsat imageries (USGS). The shaded areas (1973 excluded) show the
estimated urban extent from 1975 to 2016.

classification from which urban area extent (in km2) was calculated. For
estimating mangrove area loss adjacent to the Mbweni site, the Google
Earth software was used. In Google Earth, high resolution imageries for
the area were available since 2002, and mangrove area losses could be
quantified for the consecutive years 2002, 2007, 2011, 2013, 2014,
2015, 2016 and 2018, based on years with good resolution available on
Google Earth.

terrestrial/mangrove matter accumulated in seagrass sediment through
time.
3. Results
3.1. Sediment dating
In the Stone Town seagrass sediment core, the total 210Pb concen
trations increased downcore from 50 Bq kg− 1 at the surface to 70 Bq
kg− 1 at 8–10 cm depth, followed by a decrease to around 25–30 Bq kg− 1
until 30 cm. From 30 to 50 cm, 210Pb concentrations remained constant,
and then decreased to around 10 Bq kg− 1 down to 80 cm (Fig. S1). The
concentration of 226Ra was 11.9 ± 1.3 Bq kg− 1 (mean ± SD) in the upper
15 cm, 22 ± 2 Bq kg− 1 between 25 and 50 cm, and 17 ± 1 Bq kg− 1 from
50 to 80 cm. The concentrations of total 210Pb at Mbweni’s vegetated
site decreased with depth from around 100 Bq kg− 1 in the top of the core
to an average (±SD) of 17 ± 3 Bq kg− 1 at 30 cm depth, remaining
constant below that layer (Fig. S1). The mean (±SD) concentration of
226
Ra was 10.6 ± 0.7 Bq kg− 1 in the first 15 cm, and increased to 16.8 ±
0.5 Bq kg− 1 below 30 cm. The decrease in 210Pb concentration with
sediment depth at the two vegetated sites allowed the application of the
CF:CS model to estimate the mean mass and sediment accumulation rate
for the last ca. 80 years (Table 1). The CF:CS model in the vegetated core
from Stone Town was applied below the top 10 cm mixed layer. For the
unvegetated site, the sediment mixing downcore precluded obtaining an
age model, with mean (±SD) 210Pb concentrations of 45 ± 5 Bq kg− 1

2.6. Statistical procedures
The Sequential Regime Shift Detection software (Rodionov 2004)
was used to detect significant shifts (significance level = 0.05, cut-off
length = 20, Huber’s tuning constant = 2) in the biogeochemical
proxies analyzed for the seagrass sediment (i.e. Corg density, Cinorg
density, TN density, C:N ratio, δ13C and the proportion of terres
trial/mangrove sources). The contribution of seagrass and man
grove/terrestrial organic matter sources to the seagrass sediment Corg
pool was analyzed with the Simmr package in R (version 3.6.3) (Parnell
and Inger, 2016; Parnell et al., 2013), with δ13C as the tracer and sea
grass and mangrove/terrestrial biomass as potential sources. The
mangrove and terrestrial δ13C signals overlapped, with a mean (±SD) of
− 29.0 ± 0.2‰ and − 28.6 ± 0.9‰, respectively, and therefore these two
habitats were merged in the mixing model analysis (Lamb et al., 2006),
while the seagrass δ13C signal was clearly distinct (− 9.3 ± 1.4‰). A
linear regression analysis was performed in R (version 3.6.3) to assess
the relationship between mangrove area loss and proportion of
4
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Table 1
Summary of sediment Corg stocks and mean (±SD) accumulation rates since the 1940s in seagrass and unvegetated sites. Note that the 210Pb data showed mixing of the
sediment in the unvegetated site and therefore the sedimentation rate could not be calculated. The Corg stock is instead calculated to a similar depth of 30 cm for
comparison with the vegetated sites. Th = Thalassia hemprichii, Unveg. = unvegetated sediment, MAR = mass accumulation rate, SAR = sediment accumulation rate,
CAR = Corg accumulation rate.
Site
Stone Town
Mbweni
Stone Town

Habitat
Th
Th
Unveg.

Total core length (cm)
102
104
104

Excess 210Pb-dated horizon (cm)

1940s–2018

31
28
Mixed

between 0 and 12 cm, and reached plateau from 20 to 40 cm at 35 ± 5
Bq kg− 1 followed by a decrease from 25 to 18 Bq kg− 1 at 40–80 cm
depth. The 226Ra content was 31.1 ± 0.2 Bq kg− 1 (mean ± SD) between
20 and 35 cm and 15.2 ± 2.2 Bq kg− 1 at 57 cm (Fig. S1).

Corg stock (g m− 2)

MAR (g cm−

1798
2120
412

0.51 ± 0.04
0.45 ± 0.02
–

2

yr− 1)

SAR (cm yr− 1)

CAR (g Corg m−

0.37 ± 0.03
0.35 ± 0.02
–

22 ± 18
25 ± 10
–

2

yr− 1)

4. Discussion
The reconstruction of the sedimentary Corg accumulation and organic
matter sources in the two sites in Zanzibar, Tanzania (Stone Town and
Mbweni), since the 1940s revealed drastic changes in ecosystem dy
namics during the last 20–30 years. During this period there were clear
shifts in autochthonous and allochthonous Corg inputs to the seagrass
sedimentary pool, with opposite patterns for the two sites studied here.
The Stone Town site showed an increase in seagrass Corg input, likely
linked to improved seagrass meadow conditions after the relocation of
the sewage outlet, while the Mbweni site showed a higher mangrove/
terrestrial signal likely due to sediment erosion and Corg inputs from
ongoing mangrove deforestation, which demonstrates the capacity of
seagrass meadows as coastal filters for trapping terrigenous material.
These findings highlight the importance of the land-sea connectivity for
the coastal blue carbon function and the effect of human activities (in
terms of urban development, sewage waste management and mangrove
deforestation) on the carbon sink capacity of tropical seagrass meadows.

3.2. Sediment geochemical properties and Corg accumulation
The average (±SD) CARs since the 1940s were similar in the two
vegetated sites, estimated at 22 ± 18 g Corg m− 2 yr− 1 for Stone Town and
25 ± 10 g Corg m− 2 yr− 1 for Mbweni (Table 1). The seagrass sediments
showed up to 5-fold higher Corg content and density compared to the
unvegetated sediment (means ± SD: 0.54 ± 0.15% and 0.0065 ±
0.0013 g cm− 3 and 0.10 ± 0.02% and 0.0011 ± 0.0002 g cm− 3,
respectively). The accumulated Corg stocks (g m− 2) were similarly higher
(4–5 times larger) in the seagrass sediment (Stone Town: 1798, Mbweni:
2120) compared to the unvegetated site (412 g m− 2) (Table 1). The
mean Cinorg content and density were up to 3-fold lower in seagrass sites
(2.6 ± 0.8% and 0.03 ± 0.01 g cm− 3) compared to the unvegetated site
(5.8 ± 2.1% and 0.08 ± 0.03 g cm− 3; Figs. 3 and 4) for the top 30 cm. In
both seagrass sites, the content of Corg increased from 10 cm depth to the
surface (which corresponds to the late 1990s until present; Fig. 3). This
was also reflected in the Corg density, with significantly higher levels
from 1990s until 2018 compared to the deeper sediment (p < 0.05)
(Fig. 4) and correspondingly higher CAR of 28 ± 22 and 35 ± 13 g Corg
m− 2 yr− 1 in Stone Town and Mbweni, respectively. For Mbweni, a
similar increase was also seen in the content of TN from 14 cm until the
sediment surface (p < 0.05), while the TN content remained stable in the
Stone Town seagrass site throughout the sediment core profile (Fig. 4).
There was a significant shift (p < 0.05) in the δ13C value in late 1990s at
the Stone Town seagrass site, with the mixing model indicating a trend
towards a greater proportion of the seagrass-derived Corg source in the
more recently accumulated sediment (Fig. 4). The opposite trend in δ13C
values was seen in the Mbweni site, with the mixing model indicating an
increased proportion of terrestrial/mangrove carbon since the early
2000s until present (Fig. 4). The δ13C values in the unvegetated site
(0–30 cm) fluctuated with depth with no apparent trend. A significant
increase (p < 0.05) in the C:N ratio was also noticeable in the Stone
Town seagrass site since 2008, while C:N in the Mbweni site was lower
in the more recently accumulated sedimentary organic matter (Fig. 4)
due to the increased TN content (Fig. 3). The %TN remained stable in the
Stone Town seagrass sediment, although %Corg increased (Fig. 3). Since
the early 2000s, the Corg density and contribution of seagrass biomass
input also increased with the proportion of seagrass biomass input
similar to pre-1940s (with mean ± SD δ13C of − 15 ± 1.5‰ in the pre1940s and − 16.7 ± 1.7‰ from 2001 to 2018) (Fig. 5A). There was a
significant relationship between human-induced mangrove area loss and
the proportion of mangrove/terrestrial organic matter accumulated in
the seagrass sediment (df. = 7, F = 12.1, p < 0.05; Figs. 5B and 6). Based
on the satellite imagery analysis, the most intense urban areal expand of
Zanzibar Town occurred during 1985–2000 and from 2000 to 2009,
when the area of the town increased 2.8 and 2.7 times, respectively.

4.1. The effect of urban development and wastewater management on the
carbon sink function
The ongoing human transformations of the coastal zone have led to
substantial impacts on nearshore blue carbon habitats, with conse
quences for the carbon sink function and long-term storage (Macreadie
et al., 2012). In Zanzibar, changes within the coastal zone are mainly
associated to the increasing tourism industry and population growth
(Lange, 2015), which are clearly evidenced by the 10-fold areal
expansion of Zanzibar Town since the mid–1970s. The increase in CAR
in both Stone Town and Mbweni vegetated sites following human in
terventions (relocation of sewage outlet and mangrove deforestation,
respectively) highlights the potential of managing blue carbon ecosys
tems for climate change mitigation. Land-based activities, including
urban development, may have direct effects on the coastal environment,
such as increased eutrophication and sedimentation due to destabiliza
tion of soils and enhanced terrestrial run-off, and introduction of
harmful pollutants (Grech et al., 2012). In the Stone Town seagrass
sediment, the higher δ13C values and the positive shift of the C:N ratio
since the mid–1990s is consistent with relatively higher accumulation of
N-poor seagrass detritus. This change in the isotopic signature was
potentially caused by increased growth of seagrass plant biomass
coupled with less outflow of terrestrial organic matter. The Stone Town
seagrass meadow also showed similar seagrass biometric characteristics
to the less disturbed Mbewni site at current state (Gullström et al., 2018;
Table S2). The seagrass recovery could be associated with the relocation
of a major nearby sewage outlet during this time (World Bank, 2011).
Sewage effluents are known to negatively affect carbon storage (Tho
rhaug et al., 2017) and the increase in CAR since 1998 (by 24%) is likely
a result of the improved water quality. Though, one cannot exclude that
degradation of organic matter in the sediment over time (leading to
lower organic matter content and δ13C values; Fourqurean and Schrlau,
2003) also likely influences the trend in increased carbon accumulation
and seagrass biomass input (i.e. decreasing δ13C signal) towards the
surface. However, the fact that there was a clear change of the seagrass
5
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Fig. 3. Sediment characteristics (dry bulk density [DBD], and percentage of Corg [organic carbon], Cinorg [inorganic carbon] and TN [total nitrogen] contents) for the
full length of the sampled cores. Note that the TN data for the unvegetated site is not available as the nitrogen levels in this site were below the detection limit of
the instrument.

biomass input and carbon storage from 1985 to 2000 points towards an
effect caused by the relocation of the sewage outlet, leading to decreased
terrestrial outwelling and higher accumulation of seagrass-derived car
bon. Outflow of sewage would likely increase sedimentation and the
potential exposure to pollutants with consequences for the seagrass
ecosystem, including changes in the microbial benthic community,
which has a crucial role in the remineralization and long-term storage of

Corg (Trevathan-tackett, 2016). Inputs of sediment can result in both
increased turbidity of the water, leading to decreased photosynthetic
activity (Silva et al., 2013), and smothering of the seagrass plants (Bach
et al., 1998), which impacts seagrass growth (and potentially causes a
die-off) (Terrados et al., 1998; van Katwijk et al., 2011). Further, in areas
exposed to nutrient-rich sewage effluents, the nitrogen and phosphorus
levels in both the water column and the sediment are usually increased
6
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Fig. 4. Sediment biogeochemical properties (Corg [organic carbon] density, Cinorg [inorganic carbon] density, TN [total nitrogen] density, C:N ratio, δ13C and the
proportion of terrestrial/mangrove sources) for the sediment horizon 2018–1940s in the seagrass sites and the upper 30 cm in the unvegetated area (where no age
modeling was possible). The grey lines indicate significant shifts (p < 0.05) along the seagrass sediment profiles. Note that no TN data is available for the unvegetated
site as the nitrogen level was below the detection limit of the instrument.

(Holmer et al., 2016). Such availability of nutrients can promote over
growth of filamentous algae triggering seagrass decline. There was,
however, no indication of higher levels of sedimentary nitrogen prior to
the relocation of the sewage outlet in our study area, as the nitrogen
levels were constant throughout the sediment depth profiles. The re
covery of the seagrass meadow at Stone Town could therefore not be
linked to any decrease in nutrient levels but instead potentially being
caused by less sediment outflow (which is also indicated by the
enhanced terrestrial signal seen during the 1970s and 1980s) that likely
improved the water clarity and thus the seagrass meadow condition.

4.2. The outwelling and transport of Corg from ongoing mangrove
deforestation
Anthropogenic pressure is an important factor regulating seagrass
carbon storage (Mazarrasa et al., 2017a), and several studies linked
enhanced Corg accumulation with land-based human activities that in
crease terrestrial runoff (Cuellar-Martinez et al., 2020; López-Mendoza
et al., 2020; Serrano et al., 2020). An elevated release of terrigenous
organic material to adjacent seagrass meadows can shift the proportion
of autochthonous and allochthonous Corg (Asplund et al., 2021; Mazar
rasa et al., 2017b) and alter the quality of the sedimentary Corg being
accumulated (LeFleur et al. 2015). The transport of terrestrial material
to the seagrass habitat depends on the distribution and losses of
7
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Fig. 5. Land-use change shown as (A) areal
expanse of Zanzibar Town since 1975 and
the relocation of sewage outlet in the mid1990s against the ~10 years mean (±SE)
of Corg density and proportion of seagrass
source input in Stone Town seagrass sedi
ments for the different time periods (the
values prior to the 1940s are based on nondated sediment layers from 30 to 102 cm
depth), and (B) mangrove area loss during
2002–2018 in relation to the proportion of
mangrove/terrestrial sources in the sedi
ment of the Mbweni seagrass site.

mangrove in relation to the filtering capacity of organic matter from
land runoff prior of reaching the ocean (Asplund et al., 2021). Both
seagrass sites studied showed higher Corg accumulation rates during the
last ~20 years compared to the 1940s–1990s. At Mbweni, a gradual
increase towards a higher terrestrial/mangrove δ13C signal was
observed during this period (equating to an increase in proportion from
about 40 to 55%), which was probably linked to ongoing deforestation
of an adjacent mangrove forest, which had taken place since at least
2002 (no high resolution imagery of prior date are available) leading to
enhanced fluxes of both terrestrial and mangrove-derived organic mat
ter as the filtering capacity of the mangrove forest was reduced. There
was clear evidence of anthropogenic activities causing the mangrove
loss, such as cutting for timber and bait collection (Fig. 6), but also sand
dune advancement and erosion following mangrove clearing may have
negatively influenced the carbon sink function of this mangrove forest.
This increase in natural resource use is a major factor causing mangrove
decline in eastern Africa (FAO 2007; Maina et al. 2021), and is likely
driven by population growth of coastal areas (Creel 2003). In the sea
grass sediment, there was also a decrease in the Cinorg content and C:N
ratio during this period. This further strengthen the conclusion that
there was an increased input from terrestrial sources, which are usually
richer in nitrogen and poorer in CaCO3 (Presad et al., 2017) compared to
the sedimentary particles generated within marine environments and
seagrass meadows, as calcification and calcareous organisms are mostly
associated with the marine environment. A shift towards organic matter
with high nutrient content can affect the carbon sink efficiency of sea
grass meadows as increased levels of nitrogen can lead to more rapid
microbial degradation of the sedimentary carbon (Benner et al., 1984;
Deming and Harass, 1993; Enriquez et al., 1993). However,
mangrove-derived organic matter includes high levels of chemically
recalcitrant lignin (Cragg et al., 2020) and paleoreconstruction of sea
grass to mangrove ecosystem shifts have been shown to increase the Corg
storage of the changed habitat (Kaal et al., 2020). Therefore, the
increased input of mangrove-derived organic matter following defores
tation could have enhanced the Corg storage in the seagrass meadow of
the Mbweni coast in detriment of the adjacent mangrove ecosystems.
The increased terrestrial/mangrove outwelling of material to the sea
grass meadow may also be related to changes in the catchment area due
to the ongoing urban expansion driven by the development of Zanzibar
Town (Fig. 2) and construction of hotel complexes along the coast
(Lange, 2015). This coastal development also likely increased the human
pressure on the nearby mangrove area. When placed in a landscape
perspective, the loss of mangrove area would likely yield an overall
lower carbon sink capacity of this coastal area, as mangrove forests
generally have higher Corg accumulation (Serrano et al., 2019) and
stocks (Asplund et al., 2021; Gullström et al., 2021) compared to sea
grass meadows. However, part of the released terrestrial/mangrove
material following the erosion of the soil escaped mineralization after
being accumulated within the meadows, showcasing land-coast

connectivity and the role of seagrass as efficient sinks.
4.3. The Corg accumulation rates of seagrass meadows on Zanzibar island
Both seagrass sites showed substantially (i.e. 4 to 5 times) higher Corg
stocks than the unvegetated area, which also lacked the change
(decrease) in %Corg with sediment depth seen in the two seagrass sedi
ments, suggesting limited organic matter inputs and/or rapid reminer
alization of carbon (Belshe et al., 2019). As the dataset only contain one
core per site a direct comparison of carbon storage capacity between the
studied seagrass meadows is not applicable but considering previous
studies in Zanzibar (with estimates of 1.4–2.1 kg Corg m− 2 in the top
0–25 cm; Belshe et al., 2017; Gullström et al., 2018), the seagrass
sediment Corg stocks determined in this study (1.8–2.1 kg Corg m− 2 in the
top 0–30 cm) are similar and are overall regarded as high in the context
of seagrass meadows (including tropical and subtropical areas) of the
Western Indian Ocean (0.9–2.1 kg Corg m− 2, 0–25 cm; Gullström et al.,
2021). Regardless of the relatively high Corg stocks in Zanzibar, the CAR
estimated in this study (i.e. 22–25 g Corg m− 2 yr− 1) are in the mid–range
for seagrass carbon sink capacity globally, with many studies showing
values between 2 and 36 g Corg m− 2 yr− 1 (Serrano et al., 2015, 2018,
2019; Rozaimi et al., 2016). Considerably higher accumulation rates (i.
e. 122–259 g Corg m− 2 yr− 1) have also been reported in, for instance,
Mediterranean and Atlantic seagrass meadows (Cuellar-Martinez et al.,
2020; Martins et al., 2021; Serrano et al., 2016b), showing the large
variability in seagrass carbon sink capacity, and the need for further
research on local and regional drivers affecting carbon storage
(Macreadie et al., 2019). This also highlights that previous estimates of
the global carbon sink efficiency in seagrass meadows need to be
re-evaluated as data from new regions and different species show lower
accumulation rates than what has previously been assessed (e.g. Mcleod
et al., 2011). A more recent estimate shows that the central tendency of
global seagrass CARs is 20–30 g Corg m− 2 (Arias-Ortiz, 2019), which is in
line with our findings.
The Cinorg content was higher than the Corg content in all sites, a
general characteristic of the sediment in Zanzibar (Gullström et al.,
2021) due to the underlying and surrounding limestone bedrock as well
as abundance of benthic calcifying organisms (Shaghude et al., 1999).
Generally, the carbonate content in tropical seagrass ecosystems is
larger than that found in temperate seagrass areas (Mazarrasa et al.,
2015), and the carbonate accumulation can be 11 to 14 times higher in
comparison to more poleward meadows (Saderne et al., 2019). The ef
fects of high Cinorg on the carbon sink function of seagrass meadows is
still not clear (Macreadie et al., 2017), as it can either have a positive or
negative effect on the sink-source balance depending on whether the
Cinorg is of allochthonous or autochthonous origin (Saderne et al., 2019).
If externally produced, the input of calcareous material can promote a
higher accumulation rate of organic matter (Mazarrasa et al., 2015).
However, if the Cinorg is derived from calcareous epiphytic algae or
8
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Fig. 6. The loss of mangrove area next to the Mbweni sampling site. The blue dots indicate the maximum extent of the mangrove loss for the assessed years between
2002 and 2018. The photos show examples of destructive human activities in different areas (zones 1–4) of impacted mangrove forest. Zone 1: scars from old
mangrove clearing (photos I and II); zone II: digging of polychaete worms to be used as fish bait (photo III). The digging causes sediment destabilization and
destruction of the mangrove root systems. Zone 3: exposed mangrove root systems due to erosion of the sediment surface (photo IV); zone 4: recent cutting of
mangrove (photo V) and ongoing dune advancement (photo VI). Photos by Rashid Ismail.

calcifying fauna inhabiting within the meadow (Enríquez and Schubert,
2014; Kangwe et al., 2012), the sink-to-source relationship can change,
since the production of carbonates involves a net release of CO2
(Howard et al., 2017; Kalokora et al., 2020), although the CO2 flux from
the meadow also depends on the rate of the seagrass meadow’s primary
production (which consumes the CO2 through photosynthesis). There
fore, further studies are required to understand the role of Cinorg pre
cipitation and dissolution in the CO2 sink capacity of seagrass meadows.

are important blue carbon habitats for long-term storage with rates
similar to recent global estimates for seagrass. However, this carbon sink
capacity is still low when compared to other blue carbon habitats in the
Western Indian Ocean region, such as mangrove forests, where average
Corg accumulation rates of 70 ± 13 g Corg m− 2 yr− 1 have been reported
(Arias-Ortiz et al., 2020). We conclude that land-based human activities
have modified the carbon storage of seagrass meadows in Zanzibar and
that the ongoing coastal transformation might change the Corg storage
capacity of seagrass ecosystems, through altered organic matter sources
and by increased accumulation rate (by 24–30%). This highlights the
need to consider the land–sea interface (including coastal development)
and habitat connectivity to better understand the blue carbon capacity
of the coastal zone, and the findings from this study can be used to guide
coastal management for protection of seagrass meadows as sinks of at
mospheric CO2.

4.4. Concluding remarks
This study showed that these seagrass meadows accumulated Corg at
an average rate of 22–25 g Corg m− 2 yr− 1 over the last ~80 years, and
stored substantially higher amounts of Corg relative to the unvegetated
site. This first assessment of CAR of seagrasses in Africa shows that they
9
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